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Low-energy-electron-diffraction (LEED) intensities from the W(001) surface have been measured
for incident energies from 0 to 35 eV, azimuthal angle /=0', and incident angles between 45 and
70', with particular reference to the fine structure at very low energies, The results have been com-
pared with calculations using a model of the surface barrier described earlier. The experimental
curves can be reproduced satisfactorily, provided that (1) the inner potential is allowed to vary with
incident energy, {2) the surface damping is strong and energy dependent, and (3) there is a weak
dependence of the surface barrier on incident angle.
I. INTRODUCTION
The nature of the interaction between a charged particle
and a surface is an important aspect of several spectros-
copies. Information about the interaction in the immedi-
ate neighborhood of a surface, often referred to as the sur-
face barrier, is of particular interest and can be studied in
most detail using high-resolution low-energy electron dif-
fraction (LEED). The origin of the fine structure, which
was first observed by Adnot and Carette' for the W(001)
surface, lies in the backscattering of the nonspecular.
beams by the surface barrier and their recombination with
the beam specularly reflected from the surface.
There have been numerous models of the surface barrier
described over the past forty years. Based on the results
of self-consistent density-functional calculations for a
W(001) film, Jones et al. suggested a model barrier of the
form
I 1 —exp[A(z —zo)] j /[2(z —zo)], z &zoV(z) =
—Uo/IA exp[ —8(z —zo)]+1), z &zo
where A and B are constants determined by matching
V(z) and its normal derivative at the image plane zo,
yielding A = —1+2Uo/A, and 8= Uo/A. Far from the
surface the potential has the image form (relative to zo)
and it has a smooth transition to the bulk inner potential
Uo. The value of the potential at the image plane, V(zo),
is equal to —A, /2. In the transition region between bulk
and vacuum, the potential with the form (1) and the pa-
rameters zo —2.9 a.u. and X=1.1 a.u. ' provides a satis-
factory description of the parallel average of the potential
of the film calculations.
The potential resulting from the density-functional cal-
culations is appropriate for occupied states below the Fer-
mi energy. The optimum values of the potential parame-
ters will differ for incident electrons with energies above
the vacuum level, and these parameters can be found by
careful comparison of calculated and measured LEED
fine structure. In the case of the W(001) surface and an
incident angle 0 of 48', it was found that all features of
the measured fine structure' could be reproduced accu-
rately. using a barrier of the form (1) with barrier parame-
ters Uo —1.0 Ry and (zo, A, ) in a narrow range between
( —2.6 a.u. , 1.1 a.u. ') and ( —3.3, 0.7). The broad peak
with maximum near 3.5 eV is reproduced best by a barrier
near the edge of this range ( —3.2, 0.8). This model bar-
rier also provides a satisfactory description of the striking
asymmetry in the spin-up and spin-down channels in
spin-polarized diffracted intensities for 15 ' & 8 & 26' and
for energies below 10 eV. For these incident angles and
energies, there is a delicate interaction between Bragg
peaks, spin-dependent features, and barrier-scattering ef-
fects. '
Over the above restricted angle and energy ranges, there
is little evidence of dynamical effects, i.e., a dependence of
the electron-surface interaction on the incident velocity.
A simple physical picture based on the interaction of the
particle with its moving image suggests that these effects
should be more pronounced for higher incident energies.
For a given incident energy, they should also be more im-
portant for smaller angles of incidence. Although this
picture is physically plausible, there has been no un-
ambiguous identification of angle-dependent effects to
date. Of particular interest in the present work is the en-
ergy dependence of the inner potential. Variation of Up
with incident-beam energy can be expected, since the inner
potential is the real part of the self-energy, and electron-
gas calculations indicate that this quantity should de-
crease in magnitude as the energy increases. Ignatiev
et al. and Clark showed that a decrease of Uo by about
2 eV for incident energies between 20 and 150 eV im-
proved the agreement between theory and experiment for
Mo(001). LEED analyses for Cu(001) and Ni(001) (Ref.
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8) also showed that the variation in Uo for incident ener-
gies 0—40 eV was approximately 2 and 3 eV, respectively.
In the case of W(001), Clarke and Morales de la Garza
showed that a reduction in Uo with increasing energy re-
sulted in improved agreement between theory and experi-
ment. However, the variation in inner potential proposed
for energies below 40 eV was negligible.
In this paper we describe high-resolution measurements
of diffracted intensities from W(001) between 2 and 6 eV,
and in the range 0—35 eV for incident angles between 45'
and 70' and azimuthal angle /=0'. The results are com-
pared with spin-polarized LEED intensity calculations.
In Sec. II we outline the experimental technique used. In
Sec. III we discuss the method of calculation and com-
pare calculated and measured diffracted intensities. The
results and their consequences are discussed in Sec. IV
and our concluding remarks are given in Sec. V.
II. EXPERIMENTAL
The intensities of electrons specularly reflected from
W(001) were measured with the apparatus used in previ-
ous experiments of the same kind. ' " Monoenergetic
electrons [15 meV full width at half maximum (FWHM)]
are produced and analyzed by two identical 127' cylindri-
cal electron spectrometers. Both are equipped with a
three-element electrostatic lens which focuses the electron
beam on the target. Design details can. be found else-
where. '2
Curves of reflected current against incident energy were
obtained by tuning the spectrometer to a fixed energy
while sweeping the voltage applied to the crystal, the sam-
ple support, and the collimation slits at the exit and en-
trance of the monochromator and analyzer. This method
is similar to those used by Edwards and Probst' and by
Adnot. ' Measurements of the current flowing through
the crystal sample showed that the method provides a uni-
form incident-electron current of about 10 ' A for ener-
gies above 2 eV. Below this value, the incident current
drops and spurious reflections often take place, resulting
in peak positions which are less reliable than those at
higher energies. This is an important consideration for 0
values near and above 60'. Measurements of the current
flowing through the analyzer collimation slit were also
carried out. The absolute elastic reflectivities could be es-
timated from these to be between 5% and 10% at 5 eV
and 0=50'. Current at the entrance slit was too weak to
be detected, and it was not possible to measure the
analyzer transmission function.I Vcurves were recorded -in the (2—6)- and (0—35)-eV
energy ranges. When studying refleciivity fine structures
in the lower-energy range, the best fringe contrast was ob-
tained using an electron beam with a large angular width(5'). However, this was found to reduce greatly the elec-
tron transmission at high energy and best results were ob-
tained in the extended energy range with a better focused
beam. Although the general line shape of the (0—35)-eV
spectra was recovered from one experimental run to the
other, the relative peak heights of several spectral features
located below and above 5 eV were found to be sensitive
to the spectrometer settings. For energies below 3 eV, the
electron beams are very sensitive to stray electromagnetic
fields and other inhomogeneities, resulting in an angular
spreading of the beam. Results presented here were ob-
tained with settings for which published experimental re-
sults' ' were best reproduced.
All measurements were performed in ultrahigh vacuum
(UHV) at a base pressure of better than 5&&10 " Torr.
The W(001) crystal was aligned along the azimuth
/=0'+0. 5', and details of crystal preparation can be
found elsewhere. ' lt should be noted that the crystal was
cut at a slight angle to the (001) plane, and probably con-
sists of a series of (001) terraces. The azimuth was chosen
so that these terraces were aligned parallel to the plane of
incidence. As we discuss below (Sec. IV), the overall reso-
lution of the apparatus is a maximum for fine structure
corresponding to emergent beams in this plane. During
the experiments the sample was cleaned by flashing above
2400 K. Frequent oxygen annealings (a few minutes at
1500 K in 5&&10 Torr Oz) were also performed for
cleaning purposes. The same experimental method was
used by Baribeau et al. ' to measure the diffracted inten-
sities from W(110) between 0 and 30 eV for 8=30', 45',
and 75', and for W(001) at low energies. These measure-
ments were analyzed using a model barrier similar to (1),
but with a layer-dependent inner potential.
III. METHOD OF CALCULATION
AND COMPARISON WITH EXPERIMENT
RT+ =r-++t--R —+(1—r+-R —+)-'t++ . (2)
The substrate-reflection matrix R is determined as
described in Ref. 17, r and t are reflection and transmis-
sion matrices for the surface barrier, and r +, for exam-
ple, denotes the scattering of an electron moving in the
direction z &0 into the z &0 direction. The matrices r
and t are found by integrating into the bulk, but the
phases depend on the position of the barrier zo. The pres-
ence of inelastic-scattering effects allows us to expand the
matrix inverse in Eq. (2) as a series and to truncate it to
include only "double-diffraction" terms. ' There may be
energy ranges for which this approximation is less accu-
rate. The scattering process is depicted in Fig. 1 for two
different values of the momentum parallel to the surface,
g~~. The interference between the specular beam and a
A. Calculation of spin-polarized diffracted intensities
The method used to calculate the diffracted electron in-
tensities is described in detail in Ref. 17. We assume an
ideal unreconstructed W(001) substrate. Backscattering-
channeling experiments'using high-energy ions indicate, in
fact, a contraction of the outermost interlayer spacing of
less than 6%,' and recent density-functional calculations
of total-energy variations yield a value of 5.7%%uo, ' with
numerically smaller expansions for the next two layers.
Our experience in previous calculations indicates that
fine-structure effects are insensitive to small changes in
the interlayer spacing at the surface. The scattering prop-
erties of the semi-infinite crystal are then described by the
layer multiple-scattering method, which leads to the
total-amplitude-reflection matrix
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the overall shapes of the profiles are very similar. As a
point of detail, we note that evanescent beams are includ-
ed in the reflection matrix only within a given energy
range (typically 0.3—0.5 Ry) of their emergence from the
crystal.
~~~~~~l//////ill!Illrlyllllll/'
(o}
llllllllll
FIG. 1. 13ouble-diffraction terms in expansion of Eq. (2) for
two different values of gI~. C denotes the crystal, 5 the surface
barrier, and V the vacuum region.
V; "(E)= Vo 1+— (3)
where +=5 eV and we use the value Vo —0. 1 Ry. The
formula (3) increases monotonically with energy, and we
have used an upper cutoff for V";""of 3 eV. There will
also be damping associated with inelastic processes at the
surface, and we use an imaginary part of the surface bar-
rier of the form
=«;"'"(E)exp(—P~z
~
) . (4)
This is proportional to the bulk damping [Eq. (3)], is cen-
tered on the outermost atomic plane, and decays exponen-
tially into both bulk and vacuum regions. In Ref. 2 we
adopted the values a=1 and P=0.2 a.u. ' throughout.
The absolute values of the calculated reflectivities are
changed if we use different forms of V~ and V"; ", but
nonspecular beam which has undergone backscattering by
the surface barrier is apparent. As noted above, this
mechanism is responsible for the fine structure. For
spin-polarized LEED with N diffracted beams, the ma-
trices in Eq. (2) have the dimensions 2N && 2N, and we use
N =20 and phase shifts up to l,„=4 in the present cal-
culations. These should be adequate for incident energies
below 35 eV, although caution is necessary for angles ap-
proaching grazing incidence. Thermal-diffuse-scattering
effects are neglected. It is important to note' that some
features present in non-spin-polarized measurements can
be traced to the effects of spin, and cannot be reproduced
by calculations which neglect them.
It is well known that inelastic-scattering processes play
an essential role in determining LEED intensities. In the
present work, we use an energy-dependent bulk damping
of the form suggested by McRae and Caldwell on the
basis of electron-reflectivity measurements on transition
metals,
1.7
B. Comparison between theory and experiment
The model barrier of the form (1) is one dimensional
and neglects potential variations parallel' to the surface of
the type apparent in Fig. 4 of Ref. 2. Even with this sim-
plification, it is impracticable to optimize the parameters
Uo zo and A, (which may be energy and angle dependent),
as well as the parameters which describe the bulk and sur-
face inelastic effects and the departures of the ion-
scattering potential from the muffin-tin form. In earlier
work the aim was to find the barrier of the form (1)
which gave the best overall fit to the measured intensities
for incident energies below 10 eV and a limited range of
incident angles. The wider range of the present data
means that it is essential also to consider the dependence
on energy and angle. The connection between Uo(zo) and
X noted above implies a related energy dependence of
Up(E) and A, (E). We have assumed this in the present
work, i.e.,
k(E) = Uo(E)&(0)/Uo(0) (5)
To compare the calculated and measured intensities, we
have proceeded as follows: (1) For a given angle of in-
cidence, we have used the optimal parameters found for
8=48' and determined Uo as a function of E from the
calculated Bragg peak positions. The dependence is ap-
proximately linear, from 1.05 Ry at zero incident energy
to Uo —0.88 Ry at E =35 eV. (2) The high-resolution
data (2—6 eV) is then studied to optimize the values of zo
and A, for each value of 0. A small uncertainty in the in-
cident energy (0—100 meV) is allowed for by aligning the
threshold energies. The emphasis here is then on the ener-
gy intervals between the differt!nt maxima and minima.
(3) The sensitivity of measured threshold features to the
parameters defining the damping is then tested, and the
above steps repeated as necessary.
In Fig. 2 we show the measured and calculated intensi-
ties for the high-resolution data (2 & E & 6 eV). The inter-
val between calculated energy points over the region of the
fine structure was 10 meV. The value of Uo varies little
for incident energies in this range and we find that a value
of Uo(0)=1.05 Ry gives a slight improvement over the
value used in Refs. 2 and 17. We show calculated intensi-
ties for both spin-up and spin-down incident beams. For
these energies and angles, the calculated asymmetry be-
tween up and down channels is relatively weak, but there
are differences in the positions of the peaks and minima
of up to 0.1 eV. The comparison with experiment has
been carried out using the average of the spin-up and
spin-down intensities. As in Ref. 2, we find that the fine
structure for a given angle of incidence can be reproduced
to within the experimental resolution by a narrow valley
of barriers in (zo, i, ) space of the form (1). Further infor-
mation is provided by the position and shape of the first
peak but, as noted above, these are rather sensitive to ex-
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FIG. 2. Measured and calculated diffracted intensities for incident energies between 2 and 6 eV. (a) 0=45', 50', and 55'. (b)
0=60, 65, and 70 . The calculated intensities are for spin-up (pluses) and spin-down (solid curve) electrons. The energy interval in
the calculations is 0.01 eV.
perimental conditions, particularly for angles of incidence
of 60 and above. Inclusion of this peak, where appropri-
ate, leads to a barrier which reproduces the positions of all
resolved maxima and minima in this energy range. There
is a weak variation of the optimum barrier form from
(2.9, 0.75) to (3.0, 0.92) as 8 from 45' to 70'. The corre-
sponding curves are shown in Fig. 2 and we return to this
point in Sec. IV.
For incident energies below 6 eV, the energy-dependent
V; " is small, and different choices of surface-damping
parameters a and P [Eq. (4)] produce minor changes in
the calculated fine structure. This is not true for the ex-
tended range 0—35 eV. In Fig. 3 we compare the mea-
sured curve for 0=45' with the average of the spin-up
and spin-down calculations using P=0.2 a.u. and
values of n between 0 and 2. Analogous results are ob-
tained if a is held fixed and p, i.e., the spatial extent of
the surface damping, is varied. Two effects are striking.
(i) The reflectivities are lowered substantially (approxi-
mately halved) when a is increased in this range, i.e., even
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reflectivity is an order of magnitude higher for 8=45'
than for 8=70'. The overall agreement between theory
and experiment is satisfactory, although the calculations
show pronounced minima above the first threshold which
are not evident in the measurements. The differences be-
tween spin-up and spin-down intensities show that spin-
orbit effects are substantial, in contrast to the assumption
of Le Bosse et al. ' In this energy range a constant value
of the inner potential leads to an unsatisfactory descrip-
tion of peak positions. As noted above, we find that Uo
decreases smoothly by about 2 eV over this energy range,
a similar behavior to that found by Jennings and Thur-
gate in Ni and Cu. It should be noted that the Bragg-
peak positions depend weakly on the form of the damping
assumed.
00
2.0
Expt
0 10 20
Energy {eV)
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FIG. 3. (a) Measured intensities and (b) spin-averaged calcu-
lated intensities for 0=4S' for different surface damping pa-
rameters 0.. The calculated reflectivities are on the same scale.
The energy interval in the calculations is 0.25 eV.
with a fixed bulk damping, the reflectivity is remarkably
sensitive to the details of the surface inelastic processes.
(ii) Consistent with the interference origin of the threshold
effects, there is a pronounced reduction in the fine struc-
ture as a increases. This correlation of fine structure with
the strength of the barrier damping is of particular in-
terest, since the experimental curve in Fig. 3 shows no
measurable threshold effects for energies above about 20
eV. For the remainder of the calculations presented here,
we use the values a = 1.0, P=0.2.
In Fig. 4(a) we show the measured spectra for incident
energies 0—35 eV for 45' & 8 & 70'. Figure 4(b) shows the
corresponding calculations for spin-up and spin-down
electrons using the barrier parameters optimized for each
angle as described above. The reflectivity is given in arbi-
trary units. The calculations indicate, however, that the
IV. DISCUSSION
The analy'sis of LEED intensity measurements is coin-
plicated by the number of physical processes which can
affect them. The scattering potential of the bulk, the de-
tails of the barrier potential, and bulk- and surface-
damping processes all enter in important ways. In view of
the number of parameters which may be used, it is impor-
tant to focus on those experimental features which are as
sensitive to as few as possible. In this paper, we study two
in particular: (1) the fine structure at low energies and its
disappearance at energies above 20 eV, and (2) the energy
dependence of the inner potential. We have seen in the
preceding section that the form of the latter is consistent
with that found in earlier work. '
The fine structure at low energies provides a sensitive
probe of the shape of the surface barrier, and its energy
dependence is particularly interesting. Figure 1 shows
that the fine structures associated with larger values of
~k~~+g~~ ~ require coherent scattering and therefore an
essentially perfect surface over a greater range. For
8=45' and azimuthal angle / =0', for example, threshold
effects are evident in the calculations near 5 eV
[g~~
—(10)], 16 eV [( 11), (11)], 26 eV [( 20)], and 30
eV [(21), (21), (01), (Ol)]. The experimental results (Fig.
3) show clear threshold structures associated with both the
(10) and (20) emergences, but none which can be related
unambiguously to the others. This indication that the re-
gistry is best in the (10) direction is consistent with the
fact that the crystal was cut slightly off the (001) surface,
resulting in a series of (001) terraces (see Sec. II above).
The sensitivity of the fine structure to surface imperfec-
tions is consistent with our findings that these features
differ for different crystals.
The energy dependence of the fine structure and a
correlation with the emergent beams can then yield infor-
mation about the degree of perfection of the surface.
Measurements of surface roughness are important, but
difficult to carry out. In principle, the parameters a and
P in Eq. (4) could be associated with surface damping and
the depth of surface disorder, respectively, but the present
results do not allow a clear separation to be made. A dis-
cussion of the effects of chemisorption on the fine struc-
ture has been given by Thurgate and Jennings.
Although the disappearance of threshold features at
higher energies is consistent with increased damping, ex-
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FIG. 4. (a) Measured and (b) calculated spin-polarized intensities (both in arbitrary units) for 45'& 0&70 and energies from 0 to
35 eV. For the calculated curves, pluses and solid curves denote spin-up and spin-down intensities, respectively. The energy interval
in the calculations is 0.25 eV.
perimental uncertainties certainly play an important role.
Gaubert et al. showed recently that the angular disper-
sion of the incident beam is crucial in determining the ex-
perimental resolution. Furthermore, they showed that the
optimum resolution of fine structure is obtained where the
emergent beams are antiparallel to the incident direction,
and that an azimuthal accuracy of 0.1 would be neces-
sary to obtain an overall resolution of —10 meV. Since
this is not currently attainable, either in the present ap-
paratus or elsewhere, fine structure arising from pre-
emergent beams far from the plane of incidence will be
much reduced.
We have noted that the optimum barrier of the form (1)
changes as the angle of incidence varies between 45 and
70, the main effect being a slight increase in A, with in-
creasing 8. The actual angular dependence of the poten-
tial experienced by the incident electron is difficult to ex-
tract, however, since the mechanism leading to fine struc-
ture (Fig. 1) involves emergent beams moving almost
parallel to the surface. It is nevertheless interesting to dis-
cuss two possible effects which could contribute, dynami-
cal effects and the three-dimensional nature of the barrier.
In the model calculation of Harris and Jones, the
velocity-dependent contribution to the force has a parallel
component which is half the normal component, i.e., the
velocity-dependent corrections become smaller for larger
angles of incidence. This is in qualitative agreement with
the observed behavior. The effect of the three-
dimensional variation in the potential can be examined in
terms of a simple model used by Garcia to study the ef-
fect of surface corrugation on image-poteritial surface
states. In this model the potential variation parallel to the
surface is described by a single Fourier component. This
is z dependent, of course, and so has a greater effect on
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fine-structure features farthest from threshold. The dis-
placement in the energy which results is greatest for
smaller angles of incidence, qualitatively the same
feature as observed. However, the self-consistent density-
functional calculations of the surface potential for W(001)
(Ref. 2) give Fourier components which are small. This
effect will therefore be small, and the low energy of the
incident electrons means that dynamical effects will also
be very small. Furthermore, uncertainties in both the
measurements (angular resolution, etc.) and the calcula-
tions (convergence of phase-shift and beam expansions)
could lead to apparent angle-dependent effects. As a re-
sult, no definite statement about such effects is possible.
V. CONCLUDING REMARKS
, High-resolution I EED intensity measurements provide
the most promising source of information about the sur-
face potential barrier and a useful complement to other
techniques for surface-structure determination. In the
present work we have analyzed measurements on W(001)
for P =0', energies in the range 0—35 eV, and incident an-
gles between 45' and 70 . Our main conclusions are the
following:
(i) The fine structure for incident energies below 6 eV
can be reproduced extremely well by a one-dimensional
barrier model. The location of the image plane relative to
the outermost atomic plane is very similar to that found
in density-functional calculations for the W(001) surface
(z&&-2.9 a.u. ). The evidence for an angular dependence of
the barrier is weak and cannot be considered conclusive.
(ii) The measured intensities for incident energies out to
35 eV are reproduced satisfactorily, provided that the
inner potential is energy dependent. Although experimen-
tal uncertainties in the azimuthal angle will also con-
tribute, the damping of the threshold features for energies
above 20 eV is consistent with a strong and energy-
dependent surface damping.
(iii) Spin-polarization effects are important, particularly
for incident energies above the first threshold.
It is important to note that a complete optimization of
the parameters describing the surface structure and the
surface potential is impracticable, so that the optimum
form of the surface barrier will depend to some extent on
other input parameters which are not optimized. This
may account for the different barriers found here and in
Ref. 16. Accurate estimates of the absolute reflectivities
would aid in discriminating between different models.
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